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Incorporation of carrier-selective passivating contacts is on the critical path for approaching the theore-

tical power conversion efficiency limit in silicon solar cells. We have used plasma-enhanced atomic layer

deposition (ALD) to create ultra-thin films at the single nanometre-scale which can be subsequently

chemically enhanced to have properties suitable for high-performance contacts. Negatively charged

1 nm thick HfO2 films exhibit very promising passivation properties – exceeding those of SiO2 and Al2O3

at an equivalent thickness – providing a surface recombination velocity (SRV) of 19 cm s−1 on n-type

silicon. Applying an Al2O3 capping layer to form Si/HfO2/Al2O3 stacks gives additional passivation, resulting

in an SRV of 3.5 cm s−1. Passivation quality can be further improved via simple immersion in hydrofluoric

acid, which results in SRVs < 2 cm s−1 that are stable over time (tested for ∼50 days). Based on corona

charging analysis, Kelvin probe measurements and X-ray photoelectron spectroscopy, the chemically

induced enhancement is consistent with changes at the dielectric surface and not the Si/dielectric inter-

face, with fluorination of the Al2O3 and underlying HfO2 films occurring after just 5 s HF immersion. Our

results show that passivation is enhanced when the oxides are fluorinated. The Al2O3 top layer of the

stack can be thinned down by etching, offering a new route for fabrication of ultra-thin highly passivating

HfO2-containing nanoscale thin films.

Introduction

Crystalline silicon (c-Si) is the most successful photovoltaics
technology to date accounting for >95% of solar cells currently
produced.1 Passivating films play an essential role in limiting
charge carrier recombination at surfaces, hence increasing
effective charge carrier lifetimes and solar cell efficiencies.
Surface passivation is realized by a combination of chemical
passivation of dangling bonds and field effect passivation to
repel charge carriers away from the interface. Surface passiva-

tion quality can be quantified in terms of a surface recombina-
tion velocity (SRV) defined as:

SRV ¼ W
2

1
τeffective

� 1
τbulk

� �
ð1Þ

where W is sample thickness, and τeffective and τbulk are the
effective and bulk carrier lifetimes, respectively. Alternatively,
surface passivation quality can be quantified in terms of
surface recombination current density ( J0,s), related to
SRV by:2

J0;s ¼ q � n2i � SRV
Nb þ Δn

ð2Þ

where Nb is the bulk dopant concentration, Δn is the excess
carrier density, q is the elementary charge, and ni is the intrin-
sic carrier density of Si.

For surface passivation of optically exposed regions of solar
cells, it is common to use relatively thick (10 to 100 nm) passi-
vating films which can also serve as antireflection coatings,
and these may be single dielectric layers or stacks of multiple
materials. A more innovative application of passivation layers
is in carrier-selective contact structures.3 In this context, the
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passivating layer or layer stacks must be ultra-thin (typically <
5 nm) to mitigate a significant increase in the series resistance
of the device. To date, the record power conversion efficiency
achieved by a single-junction silicon solar cell is a silicon het-
erojunction (HJT) based solar cell that incorporates ultra-thin
(∼5 nm) intrinsic a-Si:H as the passivating interlayer.4 SiOx

based passivating contacts, including the Tunnel Oxide
Passivated Contact (TOPCon) and Poly-Silicon on Oxide
(POLO), have also demonstrated a high potential in recent
years.5,6

Passivating dielectric thin films can be grown via chemical
vapour deposition (CVD), thermal oxidation, sputtering, and
atomic layer deposition (ALD).7 ALD is based on sequential
self-terminating reactions8 and offers Angstrom-scale thick-
ness control with a high degree of uniformity and conformal-
ity, even for complex surface geometries.9 Passivated emitter
and rear cell (PERC) photovoltaics are the current industry
standard and can often incorporate ALD-grown Al2O3 films.10

Al2O3 films possess negative fixed charges (∼1012–1013 q
cm−2),11,12 in contrast to many other dielectric passivating
layers, such as SiNx, which are positively charged.7 Al2O3 passi-
vates extremely well when relatively thick (>10 nm) but passi-
vates poorly when thin (<1 nm).13 There is a strong motivation
to develop dielectrics with thicknesses at the single nanometre
scale which also passivate well for new passivating contact
structures.

Recent studies have identified HfO2 as a versatile negatively
charged passivating layer which can be grown by ALD.14,15 For
relatively thick passivation layers (5 to 25 nm), passivation
from HfO2 is not competitive with that from Al2O3, with
typical SRVs being ∼5 cm s−1 (ref. 14 and 16) and <1 cm
s−1,17 respectively. We have recently studied passivation by
ultra-thin HfO2 films and determined SRVs < 2.5 cm s−1 for
2.2–3.3 nm thick films, with a negative fixed charge density
on the order ∼1012 q cm−2.13 Although this is promising and
better than Al2O3 of similar thickness, when the HfO2 thick-
ness is reduced to ∼1 nm – as required for passivating con-
tacts – the SRV is ∼19 cm s−1. Work in this current paper
aims to enhance this.

One widely used approach for enhancing the passivation of
dielectrics is to apply capping layers. Positively charged SiNx

provides SRVs < 6 cm s−1 and surface recombination current
densities ( J0,s, an alternative measure of passivation2,18) < 5 fA
cm−2 when capped with SiOx,

19,20 and SRVs < 3 cm s−1 when
capped with Al2O3.

21 Recent results by Kersten et al. demon-
strate that SiNx capping layers incorporated into industrial
PERC cells allow cell efficiencies of 23.7% to be achieved.22

SiNx capping layers are often grown via plasma-enhanced CVD
on top of thermal SiOx or ALD-grown Al2O3. Preparing a
stacked dielectric structure via a single growth method rather
than two allows for more streamlined industrial production.
Negatively charged Al2O3 has been identified as a promising
capping layer for SiO2,

23 ZnO,24 and HfO2.
25,26 Al2O3 capping

layers are thought to boost passivation by affecting hydrogen
availability – either as a source or by preventing H
effusion.23,24,27,28

In this paper, we develop passivating stacks grown solely via
ALD and assess the viability of Al2O3 as a capping layer for
nanolayer HfO2. We subsequently apply various wet chemical
treatments as we observed improvement in nanolayer dielec-
trics in previous studies.29 We also find that it is possible to
thin-down the Al2O3 capping layer chemically, providing a new
route to fabricating enhanced ultra-thin HfO2 passivating
films.

Results and discussion
Stacks involving ultra-thin (1 nm) HfO2 interlayers

To determine the viability of Al2O3 capping layers for nanolayer
HfO2, three film structures were deposited at 200 °C onto 5 Ω
cm 125–150 µm thick n-type Cz silicon wafers: (1) 1 nm HfO2

(10 ALD cycles, denoted Si/HfO2. The growth rate of HfO2

under the conditions used in this work was characterised in
our previous work13); (2) 1 nm HfO2 capped with 30 nm Al2O3

(250 ALD cycles, denoted Si/HfO2/Al2O3); and (3) 30 nm Al2O3

(denoted Si/Al2O3). Samples were annealed (“activated”) in air
ambient in a tube furnace at temperatures between 350–600 °C
for 30 min to improve the passivation. The passivation quality
of both HfO2 and Al2O3 are known to be dependent on anneal-
ing temperature, with optimal passivation achieved in both
cases on annealing at 450–500 °C.11,30 Photoconductance
decay lifetime curves for the three structures activated at
450 °C are shown in Fig. 1(a). SRVs defined according to eqn
(1) at Δn = 1 × 1015 cm−3 are plotted as a function of activation
temperature in Fig. 1(b).

The data in Fig. 1 for n-type Si confirm that thick Al2O3 pro-
vides better passivation than thin HfO2, and that depositing
30 nm of Al2O3 on top of the HfO2 has a significant positive
impact on effective lifetime and hence passivation level. For
activation annealing at 450 °C, an upper limit SRV of 18.6 cm
s−1 is found for thin HfO2. Deposition of a 30 nm Al2O3

capping layer results in significant improvement, reducing
SRV to 3.5 cm s−1. The passivation achieved here for Si/HfO2/
Al2O3 is an order of magnitude better than previous reports26

and corresponds to a single-side J0,s of 23.4 fA cm−2. It is
noted that a lower SRV (of 0.8 cm s−1) is achieved for 30 nm
Al2O3 alone. In the ESI (Fig. S1†), we show results for p-type
Ga-doped silicon (same thickness and resistivity) and also find
improvement upon deposition of a capping layer on 1 nm of
HfO2 on p-type silicon.

The improved passivation observed with Si/HfO2/Al2O3 is in
keeping with the reports of Polzin et al. and Dingemans et al.,
who observe that an Al2O3 capping layer improves passivation
for TOPCon and SiO2 structures, respectively.27,28 The
increased passivation is often attributed to the presence of
hydrogen originating from the dielectric passivating the Si
interface, hence reducing Dit.

33,34 Oudot et al. also report
improved chemical passivation on depositing HfO2 atop
thermal SiO2, which they link to hydrogen diffusing to the Si/
dielectric interface and passivating dangling bonds.35 We
would not expect any improvement in field-effect passivation
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from the applied Al2O3 capping layer, based on reports of HfO2

acting as an “inert spacer” once Al2O3 is deposited upon it.25

HF treatments of stacks with different HfO2 interlayer
thicknesses

We next present results which show the impact of HF-based
chemical treatments on the passivation. It is known that Al2O3

capping layers for poly-Si can be removed without sacrificing
passivation quality.24,33,34,36 Interestingly, we find here that
partially removing Al2O3 films with dilute HF has a consider-
able positive impact on the surface passivation. Fig. 2(a) shows
the effect of 5 s immersion in 1% HF on SRV for Si/HfO2/Al2O3

stacks with 1 nm HfO2 grown on n-type Si activated at different
temperatures. The HF treatment provides a substantial
increase in passivation level for all activation temperatures,

with SRVs < 2 cm s−1 and single-side J0,s of ∼11.6 fA cm−2 at
450 °C. The corresponding lifetime curves in Fig. 2(b) show no
significant change in injection dependence (and hence passi-
vation mechanism) following immersion. A similar increase
occurs with Si/HfO2/Al2O3 on p-type Si with a 5 s HF immer-
sion which leads to a 1 cm s−1 SRV reduction as shown in
Fig. S1.†

Si/HfO2/Al2O3 stacks incorporating HfO2 layers of a more
conventional thickness (10 nm, 100 ALD cycles) were also
studied, with lifetime curves shown in Fig. 2(c). The passiva-
tion achieved for such stacks is similar to that with uncapped
10 nm Si/HfO2 (average SRVs (single-side J0,s) of 5.8 (19.6)
versus 5.7 cm s−1 (27.5 fA cm−2) for uncapped and capped
10 nm Si/HfO2, respectively). This implies that the beneficial
impact of the capping layer is less pronounced for thicker

Fig. 1 (a) Effective lifetime curves for 1 nm Si/HfO2 (orange squares), 30 nm Si/Al2O3 (green circles), Si/HfO2/Al2O3 (purple triangles) stacks with
1 nm HfO2 and 30 nm Al2O3 activated at 450 °C. Also shown is the intrinsic lifetime limit.31 Data for Si/HfO2 were published previously.13 Substrates
are high quality, ∼150 μm thick, (100) orientation, 5 Ω cm, chemically etched n-type Cz silicon wafers. Samples with 1 nm HfO2 were deposited onto
n-type silicon from a nominally identical batch, excepting a reduced thickness of ∼125 μm. (b) SRV determined at Δn = 1 × 1015 cm−3 for the same
three configurations as in (a), with the same symbols used. The shaded regions correspond to the relative measurement uncertainty. No data in this
figure arose from chemically treated samples.

Fig. 2 (a) SRVs for Si/HfO2/Al2O3 as-annealed (purple triangles) and following 5 s in HF (yellow triangles) as a function of annealing temperature.
The shaded regions correspond to the relative uncertainty of SRV. (b) Effective lifetime curves for 1 nm Si/HfO2 (orange squares) and Si/HfO2/Al2O3,
as-annealed at 450 °C (purple triangles) and following 5 s immersion in HF (yellow triangles). (c) Effective lifetime curves for 10 nm Si/HfO2 (orange
diamonds) and Si/HfO2/Al2O3, as-annealed at 450 °C (purple triangles) and following 5 s immersion in HF (yellow triangles). Also shown is the intrin-
sic lifetime limit.31 All effective lifetime data are the average of five measurements and are assumed to be accurate to ±8%.32
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HfO2 layers. Nevertheless, as shown in Fig. 2(c), 5 s HF immer-
sion also enhances lifetime for these stacks, with a decrease in
average SRV (single-side J0,s) from 5.7 (27.5) to 3.6 cm s−1 (16.7
fA cm−2). We also investigated reversing the stack structure,
using 10 nm HfO2 to cap 30 nm Al2O3. For this case, there is
no significant improvement in passivation on application of
the capping layer as shown in Fig. S2.†

Stability of enhanced passivation

For this chemical treatment step to be useful for photovoltaics
or other devices, its effects must be stable with time and
tolerant to subsequent processing at elevated temperatures.
Earlier studies into HfO2 passivation stated that for HfO2-
based layers to be incorporated into photovoltaic processing
schemes, the temperatures they were exposed to could not
exceed 400 °C.16 We have since shown that HfO2-based films
perform well up to ∼500 °C,30 but, nevertheless 400–500 °C
temperature range provides a useful benchmark for testing
thermal stability.

To assess temporal stability, samples were stored in a
sealed Petri dish in ambient environment following HF
immersion, and passivation quality was monitored at regular
intervals. These results, relative to an untreated stack, are
shown in Fig. 3(a). It is evident that the lifetime enhancement
achieved with 1% HF is stable for at least 50 days, with no
degradation onset observed. This stability far exceeds that of
HF or other acidic treatment of bare silicon.37,38

Fig. 3(b) shows SRVs for Si/HfO2/Al2O3 stacks with 1 nm
HfO2 activated at 450 °C and sequentially re-annealed in air in
a tube furnace for 30 min at temperatures increasing in 50 °C
intervals. The two leftmost datapoints (at the 25 °C ‘re-anneal’
temperature) for HF-dipped Si/HfO2/Al2O3 with 1 nm HfO2

(yellow triangles) correspond to the average SRV before and
after HF immersion. Both the HF-dipped stack and the
untreated reference sample show a steady increase in SRV with

re-annealing up to a temperature of 250 °C. We then observe a
sharp increase in the SRV when re-annealing at 300 and
350 °C. For higher annealing temperatures, we observe a recov-
ery of passivation (decrease in SRV). The average passivation
quality of HF-dipped stacks exceeds that of untreated Si/HfO2/
Al2O3 at all temperatures studied. Higher temperature ranges
could not be studied, as above ∼500 °C, HfO2-based passiva-
tion quality is known to degrade,30 and hence it would not be
possible to separate contributions from the dielectric layers
and the chemical treatment at these annealing temperatures.

The same experiment was conducted on Si/HfO2/Al2O3

stacks with 10 nm HfO2, with the data shown in Fig. 3(c). A
trend broadly similar to the 1 nm HfO2 case is found although
following re-annealing at 300 °C, untreated stacks show
slightly better passivation quality than HF-dipped stacks. The
trends observed in SRV and J0,s are mirrored in the effective
lifetime data from which these values were determined
(Fig. S3†). As both J0,s and SRV describe surface recombina-
tion, the correlation between the extracted surface parameters
and the overall effective lifetime further confirms this variation
is surface-related, rather than bulk-related. Although the SRV
equation assumes no change in bulk lifetime, J0,s makes no
such assumption.

Similar experiments exploring the impact of subsequent re-
anneals on uncapped Si/HfO2 with 1 and 10 nm HfO2 were
also conducted, with results shown in Fig. S4 and S5,† respect-
ively, demonstrating comparable trends. As the degradation–
recovery cycle is observed for both thin and thick stacks, as
well as uncapped thin and thick HfO2, it is clearly neither
caused by specific HfO2 thickness nor by the stack architec-
ture. Indeed, it is known to occur for other dielectrics, as a
similar ‘re-activation’ can be seen with SiO2, whereby high
temperature processing reduces surface passivation, but it is
recovered with subsequent annealing at 400 °C.21 The origins
of this recovery in passivation at 400–450 °C are not fully clear.

Fig. 3 (a) SRVs determined for Si/HfO2/Al2O3 with 1 nm HfO2 with no chemical treatment (purple triangles) and HF-dipped stacks (yellow triangles)
as a function of time exposed to ambient conditions. Average SRVs (left axes) and corresponding single-side J0,s values (right axes) for parallel
samples of Si/HfO2/Al2O3 with (b) 1 nm and (c) 10 nm HfO2 deposited on 5 Ω cm 150 µm n-type c-Si with no chemical treatment (purple triangles)
and following 5 s immersion in 1% HF (yellow triangles). Effective lifetime (from which SRV is extracted at Δn = 1 × 1015 cm−3) was measured follow-
ing re-annealing at temperatures between 50–450 °C for 30 min and reported SRV corresponds to the average of two parallel samples. In all cases,
effective lifetime values (from which SRV is extracted) were the average of five measurements, and shaded regions correspond to relative uncertainty
of SRV. Connections between the data points serve as a guide to the eye.
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It could be associated with release of bound hydrogen within
the passivation layers, which is mobile at these temperatures39

or to short-range rearrangements of bonds ‘re-activating’ the
passivation, an effect also observed for Si/SiNx/Al2O3 stacks.28

Many industrial photovoltaic processing steps involve tempera-
tures far above those considered in this study (although for
shorter durations of time),10,21,40 but the tolerance of the
stacks and even the wet chemical improvement discussed here
to extended subsequent thermal processing is encouraging.

The passivation qualities achieved here are greater for Si/
HfO2/Al2O3 stacks with thin versus thicker HfO2 and given the
considerable recent interest in developing ultra-thin dielectrics
as passivating interlayers or components of passivating
contacts,41–43 the majority of this article will focus on Si/HfO2/
Al2O3 stacks with thin (1 nm) HfO2.

Electronic origins of improved passivation

It is important to establish whether the origin of the HF-
induced improvement in passivation is due to changes at the
silicon/dielectric interface and/or changes at the dielectric/air
interface. Therefore corona charging was employed to deter-
mine the charge fixed in the films and the level of chemical

passivation at the silicon–dielectric interface.44 Successive
corona charging was applied, with the quantity of charge
(Qcorona) required to minimise τeffective indicative of Qfixed

within the film.
Typical τeffective versus Qcorona curves for chemically treated

Si/HfO2/Al2O3 stacks activated at different temperatures are
shown in Fig. 4(a). Data for untreated stacks can be found in
Fig. S6.† The extracted Qfixed and τminimum values are shown in
Fig. 4(b) and (c), respectively, for untreated stacks and those
which had been subjected to a 5 s dip in HF. These respective
quantities represent a measure of the charge in the films and
the chemical passivation level.

In the case of stacks that were not chemically treated, a
clear dependence of Qfixed on activation temperature is appar-
ent, consistent with the behaviour of uncapped HfO2 films.
The best passivation is observed for films activated at
450–500 °C, as is evident from Fig. 1, at which temperatures
we observe Qfixed of 2.5 × 1012 q cm−2. This is lower than values
observed for Si/HfO2 or Si/Al2O3,

11–13 but is consistent with
reported interface fixed charge densities determined with
capacitance–voltage (C–V) measurements for Si/HfO2/Al2O3.

25

Extracted Qfixed and τminimum for parallel samples of both

Fig. 4 (a) Effective lifetime as a function of Qcorona for Si/HfO2/Al2O3 stacks with 1 nm HfO2 activated at temperatures between 350–600 °C and
immersed in HF for 5 s. (b) Qfixed and (c) τminimum as a function of activation annealing temperature for Si/HfO2/Al2O3 both untreated (purple) and fol-
lowing a HF dip (yellow). Shaded regions in (b) and (c) correspond to measurement uncertainty. Error bars in (b) correspond to a Qcorona of 1.85 ×
1011 q cm−2, 50% of Qcorona deposited in each charging step. Shaded regions in (c) correspond to experienced variation in effective lifetimes
between Si/HfO2/Al2O3 stacks. Connections between data points serve as a guide to the eye. (d) Representative surface photovoltage measurements,
used to determine (e) CPD under dark conditions and illumination, and (f ) SPV for both untreated stacks (purple) and stacks following a HF dip
(yellow). Samples were activated at 450 °C. For each sample, at least five locations are measured in duplicate, and the reported values are the
average of each point, with the CPD determined the mean of two darkness-illumination measurement cycles. The error bars are the mean standard
deviation of these measurements.
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untreated and HF-dipped Si/HfO2/Al2O3 stacks are, broadly
speaking, in agreement, as shown in (b) and (c).

The absence of any definitive change in Qfixed or τminimum

with HF treatment suggests that the factors contributing to the
observed improvement in passivation are on the sample
surface, rather than arising from changes at the Si/dielectric
interface. This contrasts with the alneal process,45,46 whereby
direct improvements are made to the Si/dielectric interface
through use of an Al layer which is a considerable distance
from the interfacial region.

Passivating stacks were also characterised by Kelvin probe
to provide an understanding of changes at the dielectric/air
interface upon HF-based treatment. The contact potential
difference (CPD) is strongly dependent on the presence of
charge on the dielectric surface.47 Fig. 4(d) shows representa-
tive CPD data for Si/HfO2/Al2O3 (untreated and HF-dipped) col-
lected under a cycle of dark conditions (shaded regions) and
under illumination (non-shaded regions). The absolute value
of CPD increases after HF immersion, but as shown in
Fig. 4(e), the magnitude of CPD change is consistent between
stacks which were and were not treated with HF.

The surface photovoltage (SPV), which is the change in CPD
upon illumination, can be used to assess the charge polarity in
the dielectric stack, with a negative SPV expected for a nega-
tively charged film.48 Fig. 4(f ) shows that the SPV magnitude is
consistent between samples with and without HF treatment,
demonstrating that the treatment does not modify the charge
polarity or magnitude. Although SPV magnitude relates to
charge magnitude, accurately quantifying charge levels based
on SPV is non-trivial,48 as SPV can be highly variable and
dependent on material properties and surface defects.49,50 The
SPV determined before and after HF treatment are of a similar
magnitude, and within the experienced intra-sample variation.
Importantly, in all cases the measured SPV was negative,
demonstrating that the negative charge polarity is unchanged
on treatment.

Changes in CPD that do not affect SPV shifts, as observed
here, are reported to be associated with surface dipoles,48,51

which could be a potential contributor to the improved passi-
vation following HF immersion. A shift in CPD without an
accompanying shift in SPV has also been observed for n-type
Si treated with benzoquinone-methanol and was attributed to
differing surface dipoles before and after treatment.52 In par-
ticular, Yang et al., who observe similar trends, attribute these
to the presence of positive charges adsorbed onto the nega-
tively charged surface (cf. our Al2O3 film), forming an inter-
facial dipole.53

Some extrinsic passivation mechanisms, such as corona
charging of dielectrics, can be removed by rinsing with deio-
nised (DI) water54 unless additional protective coatings are
applied.55 To assess whether the extrinsic passivation achieved
here can be similarly removed, a Si/HfO2/Al2O3 sample was
immersed in DI water immediately after 5 s HF immersion.
Data shown in Fig. S7† demonstrate no significant change in
passivation quality on rinsing, as SRVs < 2 cm s−1 are achieved
after a HF dip whether or not it is preceded by a DI water

rinse, suggesting that the enhancement is resistant to further
solution processing. KP results also show an increase in CPD
which is not associated with a change in SPV, similar to that
following HF immersion alone, suggesting that the surface
dipoles inferred from KP persist after rinsing.

The enhancement observed here with Si/HfO2/Al2O3 differs
from reports of Si/SiO2/Al2O3, where there is no notable
change in passivation on removing the sacrificial Al2O3

capping layer.33,34,36 This implies that this improvement may
be specific to the HfO2 or Al2O3 layers used – or even to the
full Si/HfO2/Al2O3 stack. To assess this, we investigated the
effect of 5 s HF immersion on single layer Si/HfO2 and Si/Al2O3

samples. The layers were 1 and 30 nm thick respectively, to
allow direct comparison with the behaviour of Si/HfO2/Al2O3

stacks. No change in passivation quality was observed for Si/
Al2O3, with SRVs of 1.1 cm s−1 achieved both prior to and fol-
lowing the treatment. Effective lifetime data for this test can be
found in Fig. S8.† In order to probe whether the high-quality
passivation achieved with Al2O3 had potential for improvement
with HF, samples with lower quality Al2O3 passivation were
subjected to the same HF treatment, and no improvement in
passivation was observed. Immersing Si/HfO2 into 1% HF for 5
s was sufficient to remove the passivation (and the HfO2 layer,
as confirmed with XPS) completely. Rather than the increase
in passivation quality (decreasing SRV) observed for Si/HfO2/
Al2O3, immersion of Si/HfO2 results in an immeasurably high
SRV. Thus, the observed improvement seems related to pro-
perties of the complete stack, not the individual layers.
Changes in CPD could also be due to changes in the dielectric
constant,30 but this does not seem likely for a simple room
temperature chemical treatment.

Although our experimental data suggest that the enhanced
passivation is related to a charging effect at the dielectric
surface, we cannot rule out the role of hydrogen and its ability
to passivate the silicon–dielectric interface as an alternative
explanation. In this case, the observed improvement in passi-
vation following removal of the Al2O3 capping layer is similar
to the “alneal” process, whereby Si/SiO2 interfacial passivation
is improved by depositing a sacrificial Al layer.45,46 Improved
passivation following an alneal is reported to be due to Al cata-
lysing production of atomic hydrogen,56 or H2 generation
within the interfacial AlOx film which forms between the Si
and the Al, passivating the interface.27 This process improves
interfacial Si/dielectric passivation, even though the Al layer is
tens of nanometres away from this interface, similar to the
stack structures we use. Nevertheless, our electrical characteris-
ation suggests that this is unlikely in our case.

Chemical analysis of HF-treated stacks and correlation with
lifetime changes

We next perform experiments to assess the chemical compo-
sition of HF-treated Si/HfO2/Al2O3 stacks. Fig. 5(a) shows XPS
spectra for such stacks with 1 nm of HfO2 immersed in HF for
various times (up to 45 s), together with an untreated control.
Prior to the HF treatment, the XPS spectrum is dominated by
Al 2p and Al 2s peaks at ∼75 eV and ∼120 eV, respectively.57 No
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core levels corresponding to hafnium are detected (e.g., Hf 4f
would be expected at ∼17 eV for HfO2

58), which is unsurpris-
ing given that the Al2O3 capping layer thickness (∼30 nm)
greatly exceeds the XPS photoelectron sampling depth (10 nm
for hafnium 4f photoelectrons through an Al2O3 overlayer).

59,60

Since HF is known to etch Al2O3,
61 increasing the HF dip

duration will also increase the amount of Al2O3 removed. We
determine the etch rate of Al2O3 in 1% HF as 1 nm s−1 (shown
in Fig. S9†). Measured thickness across a sample following 5 s
immersion in HF had a standard deviation of 2.3 nm (com-
pared to 0.5 nm on non-HF dipped samples), suggesting that
the capping layer is not etched uniformly in HF.

The XPS spectrum in Fig. 5(a) after 5 s in HF is consistent
with the Al2O3 still being present, and the only notable change
is the appearance of F peaks at ∼685 eV and ∼820 eV. Closer

inspection of the F 1s core level at ∼685 eV allows deconvolu-
tion into two components, as shown in Fig. S10,† with the
main contribution at ∼686.4 eV corresponding to AlF3·H2O,
and another smaller contribution at ∼685.4 eV corresponding
to HfF4.

57 It is surprising that hafnium-related signals are seen
in XPS after relatively short HF immersion times when an
intact Al2O3 capping layer is expected to remain. One expla-
nation is the possible existence of pinholes in the Al2O3 layer
which are widened by HF etching thus exposing the HfO2 layer
beneath. A similar observation was reported by Cheng et al.,
who report pinholes in Al2O3 capping layers which are
widened by an etching solution.62

The relative HfF4 and AlF3·H2O contributions as deter-
mined by deconvoluting F 1s peak intensity as a function of
HF immersion time are shown for stacks with 1 nm and

Fig. 5 (a) XPS survey scans for different HF immersion durations, with key XPS core levels identified. The small XPS contribution at ∼110 eV visible
after 30 s immersion corresponds to a plasmon loss feature for Si 2p, rather than an Al 2p signal. The separation between the main photoelectron
peak and this bulk plasmon peak (and that of the Si 2s signal and its neighbouring satellite peak) of ∼18 eV is consistent with reported plasmon loss
signals.63,64 (b) and (c) Evolution of HfF4 (yellow) and AlF3·H2O (green) contribution to F 1s peak for Si/HfO2/Al2O3 with 1 nm HfO2 (b) and 10 nm
HfO2 (c) as a function of time in 1% HF. Lifetime enhancement as a function of immersion time of Si/HfO2/Al2O3 stacks in 1% HF, determined as
τeffective, treated/τeffective, untreated for stacks with 1 nm HfO2 in (d) and 10 nm HfO2 in (e). Effective lifetime was extracted at Δn = 1 × 1015 cm−3. Each
point was the average of five measurements and has an assumed uncertainty of ±8%.32 The lines between data points in (b)–(e) serve as a guide to
the eye.
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10 nm HfO2 interlayers in Fig. 5(b) and (c), respectively. The
corresponding lifetime enhancements relative to the untreated
values are shown in Fig. 5(d) and (e). The impact of the HF
treatment on passivation level varies with HfO2 interlayer
thickness. For 1 nm HfO2 interlayers, the AlF3·H2O XPS signal
contribution in Fig. 5(b) has a similar dependence on HF
immersion time to the lifetime enhancement shown in
Fig. 5(d). It could therefore be that the passivation enhance-
ment relates to the extent of fluorination of the Al2O3 layer and
the proportion of AlF3·H2O present. Interestingly when the
dielectrics are reversed, Si/Al2O3/HfO2 with 10 nm HfO2 shows
no improvement in passivation with HF immersion and also
no F signals are observed in the XPS spectra (Fig. S11†).

The top layer of our conventional stacks is ∼30 nm of Al2O3,
thus 30 s in 1% HF should be sufficient to remove the Al2O3

layer. Indeed, XPS analysis of an Si/HfO2/Al2O3 stack with a
1 nm HfO2 interlayer after 30 s in HF, shown in Fig. 5(a),
demonstrates that no Hf or Al peaks remain, while strong
peaks are present from the silicon substrate. Data for stacks
with 1 nm HfO2 interlayers in Fig. 5(b) are only plotted for the
first 20 s of HF immersion, after which XPS results indicate
that the oxides have been etched away entirely. This is consist-
ent with the lifetime data shown in Fig. 5(e) which show passi-
vation is lost for these immersion times.

For 10 nm HfO2 interlayers, the passivation quality of
stacks is dependent on HF immersion time, as shown in
Fig. 5(e). Stacks with thicker HfO2 layers can be subjected to
HF dips of up to 30 s with the passivation remaining
enhanced. Corresponding lifetime curves are shown in
Fig. S12.† The variation in passivation enhancement with
10 nm HfO2 interlayers correlates with the variation in the
HfF4 signal up to 30 s, and the AlF3·H2O contribution after 30
s. From this it appears that the lifetime variation is related to
fluorination of the dielectric layers. Beyond 30 s in HF,
enhancements are lost, but the resulting effective lifetimes
remains similar to the original level.

The difference in behaviour for ≥30 s of HF immersion for
1 nm and 10 nm interlayers is likely because of differences in
crystallisation level between the HfO2 films of different thick-
nesses. 10 nm thick films are known to crystallise upon

annealing at 450 °C,30 becoming highly resistant to etching in
HF.65 ∼1 nm HfO2 films are unlikely to crystallise fully without
being annealed at 700–800 °C,66 and thus have not developed
resistance to etching in HF.

A key aim of this work is developing enhanced ultra-thin
passivating layers which have potential for passivating con-
tacts. These passivating layers need to have low J0,s,

67 with
good passivating contacts/interlayers generally having J0,s
values ≪10 fA cm−2,67,68 as well as film thicknesses ideally
≪5 nm.67,69 On this front, the most promising sample is Si/
HfO2/Al2O3 with 1 nm HfO2 following 20 s HF immersion. By
this point, approximately 20 nm of Al2O3 has been etched,
resulting in a ∼11 nm Si/HfO2/Al2O3 stack with enhanced pas-
sivation. An SRV of 1.5 cm s−1 is achieved, corresponding to a
single-side J0,s of 5.8 fA cm−2, which, to the best of our knowl-
edge, is the first time a J0,s value ≪10 fA cm−2 has been
measured for a HfO2-based film. The passivation quality
achieved here is well within the target for passivating contact
materials and structures. The stack thickness (∼11 nm) is not
yet in the thickness range for passivating contacts or inter-
layers, but an optimised etching duration would provide
thinner stack thicknesses. We have demonstrated that apply-
ing a capping layer and chemically thinning it provides a
potential new route for fabrication of ultra-thin highly passi-
vating nanoscale thin films.

Treatment of stacks with other chemical solutions

Chemical treatments other than HF were applied to Si/HfO2/
Al2O3 stacks to help elucidate the mechanisms of passivation
enhancement. Stacks were treated for 5 s in either 1% HCl or
SC1 (“Standard Clean 1”, a hot (80 °C) mixture of NH4OH,
H2O2 and H2O in a 1 : 1 : 5 ratio). These solutions, both a key
part of industrial silicon cleaning and processing,70 were
selected as HCl is a protic acid (stronger than HF) but does not
etch Al2O3, whilst SC1 is alkaline but etches Al2O3.

61

Fig. 6(a) shows relative lifetime changes following treatment
in HF, SC1, and HCl. As was the case for data in Fig. 3(a),
samples were stored in a sealed Petri dish in ambient con-
ditions, with passivation quality monitored at regular intervals.
All three solutions enhance lifetime, but none are as stable as

Fig. 6 (a) Effective lifetime enhancement (defined as τeffective, treated/τeffective, untreated at Δn = 1 × 1015 cm−3) as a function of time exposed to
ambient conditions following chemical (HF/HCl/SC1) treatment, with an untreated control. Each point was the average of five measurements and
has an assumed uncertainty of ±8%.32 Connections between data points serve as a guide to the eye. (b) XPS survey scans of Si/HfO2/Al2O3 with no
chemical treatment (purple) and following 5 s in 1% HF (yellow), 1% HCl (blue) or SC1 (purple), with regions corresponding to key XPS core levels
identified.
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HF. The lifetime enhancement with HCl degrades within two
weeks, eventually returning to the effective lifetime achieved
prior to the HCl dip. The passivation gain with SC1 degrades
considerably after one week, with a more gradual decay
after this point. We also checked whether a DI water treatment
influences passivation quality, but effective lifetime
curves shown in Fig. S13† show this is not the case, hence it is
the solute (not the common water solvent) which changes
the passivation. SC1 is non-acidic, demonstrating that the
protic nature of HF is not solely responsible for the improved
passivation. Also, HCl does not etch Al2O3, so the enhance-
ment is not due to etching alone. KP analysis presented in
Fig. S14† demonstrates shifts in CPD which are not reflected
in comparable shifts in SPV, supporting our surface dipole
hypothesis.

The samples were also characterised with XPS, with survey
scans shown in Fig. 6(b). XPS analysis highlights a difference
in the substrate surface resulting from each chemical treat-
ment. Although prominent F 1s and F KLL signals were seen
following HF treatment, only a very weak Cl 2p peak was seen
at ∼200 eV following 5 s immersion in HCl.57 This peak
suggests some surface residue may remain following HCl
immersion, similar to that seen following HF immersion. No
such residue is detected following SC1 immersion, as evi-
denced by the lack of a N 1s signal at ∼400 eV.57

Experimental
Sample preparation

Chemical cleaning and dielectric deposition. Substrates for
effective charge carrier lifetime characterisation and Kelvin
probe measurements were high quality, ∼150 μm thick, (100)
orientation, monocrystalline 5 Ω cm resistivity, phosphorus-
doped n-type Czochralski-grown silicon wafers with a chemi-
cally etched surface finish. Samples with 10 cycles of HfO2

(determined in our prior work to correspond to ∼1 nm
HfO2

13) were deposited onto silicon from a nominally identi-
cal batch, excepting a reduced thickness of ∼125 μm. For
experiments on p-type silicon, Ga-doped, high quality,
∼150 μm thick, (100) orientation, 5 Ω cm, chemically etched
p-type Czochralski-grown silicon wafers were used.

Samples were prepared following a previously reported
chemical cleaning and etching procedure.71 The final step in
the cleaning process (immersion in 2% HF for 60 s) was modi-
fied to immersion in 1% HF/1% HCl for 5 min with no sub-
sequent water rinse, as this has been found to improve final
passivation quality.17 Coatings were grown via plasma-
enhanced ALD using a Veeco Fiji G2 system with an external
load lock. Films were deposited on both sides of each wafer at
200 °C using O2 plasma, from trimethylaluminum (for Al2O3)
and tetrakis(dimethylamido)hafnium (for HfO2) precursors.
Growth rates are reported by the supplier to be ∼1.3 Å cycle-1

(Al2O3) and ∼1 Å cycle-1 (HfO2). A post-deposition anneal in air
was performed for 30 min in a quartz tube furnace at tempera-
tures between 350–600 °C.

Chemical treatments. Chemical treatments of stacks
involved immersion in either 1% HF or 1% HCl at room temp-
erature or SC1 at 75–80 °C (comprising DI water, 30% NH4OH
and 30% H2O2 in a 5 : 1 : 1 ratio). H2O2 (30–31% in water) was
obtained from Technic Inc., NH4OH (28–30% in water) from
CMC Materials, HCl (37%) from BASF, and HF (48.5–50% in
water) from Sigma-Aldrich. Samples were immersed for 5 s
intervals, and blow dried with N2 following immersion, prior
to undergoing characterisation. Fresh solutions were used for
the chemical treatment steps, reducing the likelihood of any
contamination from prior cleaning processes.

HF safety considerations

Dilute HF is used in this work as a means to enhance passiva-
tion quality. It is important to note that HF is extremely corros-
ive and toxic,72 and must be handled only by those trained in
HF handling, its hazards, and response in the event of
exposure or spills. Exposure to HF and its fumes, even small
quantities, can be fatal, and HF work should be conducted in
a well-ventilated fume hood with appropriate personal protec-
tive equipment: face shield, apron, and HF-resistant gloves. HF
etches glass, so HF work must be carried out in beakers com-
patible with HF.

Characterisation

Carrier lifetime measurements. Photoconductance decay
lifetime measurements were performed at 30 °C using a
Sinton Instruments WCT-120PL lifetime tester (software
version 5.74). Measurements were averaged over five measure-
ments and were performed using the quick decaying (0.02 ms)
flash mode, except for low effective lifetime samples, which
were measured using the slow-decaying (1.75 ms) flash.
Measurements were made on 5 × 5 cm samples which is con-
sidered sufficiently large to avoid strong impacts of edge
recombination on the experiment.73 Effective lifetime
measurements made using the quick decaying and slow decay-
ing flash are assumed to be accurate to ±8% and ±11%,
respectively.32

Passivation quality was quantified in terms of SRV defined
by eqn (1) with τbulk taken as the intrinsic (i.e., radiative and
Auger) limit using the parametrization of Niewelt et al.,31

taking photon recycling into account by assuming planar
sample surfaces. For SRV extraction, we assume a constant
τbulk as prior work using nominally identical Si substrates
coated with HfO2 found no change or degradation in bulk life-
time at the annealing temperatures used herein.30 Assuming
no extrinsic contribution to τbulk means values of SRV are
upper limits. J0,s values, which have a relative uncertainty esti-
mated to 10%,74 were determined via an automated fit by the
Sinton Lifetime Tester software (v.5.74) using a 2-point
method without smoothing around Δn = 1 × 1015 cm−3. A dis-
cussion on extracting J0,s from this region can be found in ref.
18. Our samples are generally coated with identical dielectric
films on both sides, hence we state single-side J0,s values by
dividing the extracted J0,s by 2.
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X-ray photoelectron spectroscopy (XPS). XPS was performed
at the Photoemission Research Technology Platform at the
University of Warwick using a Kratos Axis Ultra DLD spectro-
meter. Samples were mounted on a non-magnetic, stainless-
steel bar using electrically conductive carbon tape. The XPS
spectrometer base pressure was ∼1 × 10−10 mbar, and samples
were pumped to <1 × 10−6 mbar in the load lock before trans-
fer, and then measured under a chamber pressure < 1 × 10−9

mbar. XPS measurements were performed using a monochro-
mated Al Kα X-ray (1.487 keV) source. Measurements were con-
ducted at room temperature using a charge neutraliser and at
a take-off angle of 90° with respect to the sample surface. Core
level spectra were recorded from an analysis area of 300 μm ×
700 μm by using a pass energy of 20 eV. Fitting procedures to
extract peak positions and relative stoichiometries were per-
formed using the Casa XPS software suite, linear backgrounds,
and mixed Gaussian–Lorentzian (Voigt) line shapes. These
were fitted and corrected using their corresponding sensitivity
factors, considering the photoelectron mean free paths and
photoionization cross sections of these core levels. The
spectrometer work function and binding energy scale were
calibrated using the Fermi edge and Ag 3d5/2 peak from a
clean polycrystalline Ag sample measured prior to the
experiments.

Kelvin probe force microscopy. Contact potential difference
(CPD) measurements were made with a KP Technologies
SKP5050 Kelvin Probe with a 2 mm gold-plated tip, based on
the method of Baikie et al.76 A Fiber-Lite DC-950 Quartz
Tungsten Halide lamp was used for surface photovoltage (SPV)
measurements. Surface photovoltage is defined as
CPDillumination − CPDdark.

Corona charging. Corona charging was used to characterize
the level of negative fixed charge in the dielectric films.
Positive corona charging deposits extrinsic charge on the
sample surface which offsets the built-in negative charges
within the films. Eventually, successive corona charging coun-
terbalances the intrinsic charge, with the quantity of deposited
charge (Qcorona) required to reach this point providing an esti-
mation of Qfixed in the film.77 A custom-built corona charge
apparatus, similar to that described by Bonilla et al.,55 was
used to deposit charge on the thin films. The corona charge
apparatus consisted of a sharp needle held at ca. 7 kV and
positioned 7 cm from the sample. Samples were subjected to
3.5 V for 5 s on either side. The charge deposition rate was
determined to be ca. 3.7 × 1011 q cm−2 per 5 s of corona char-
ging, based on the Kelvin Probe calibration method of Bonilla
et al.44 Following each corona charging treatment, effective
lifetime was measured using the slow flash mode.

Spectral reflectance. Spectral analysis was used to calibrate
the etch rate of Al2O3 in 1% HF using a Filmetrics F40-UV
microscope, calibrated with a SiO2/Si thickness standard. The
F40-UV has a relative uncertainty of ±1 nm.78 To calibrate the
Al2O3 etch rate, the average thickness of a ∼20 nm Al2O3 film,
deposited on polished 700 µm Si and annealed at 450 °C, was
determined from three points across the sample. The average
thickness was re-measured after 5 s intervals in 1% HF, and

from this, an etch rate of approximately 1 nm s−1 was
determined.

Conclusions

We have shown that Si surface passivation using HfO2 films
can be improved with a two-step process: (1) the application of
an Al2O3 capping layer; and (2) immersion in dilute HF.
Employing both steps ultimately achieves SRVs < 2 cm s−1.
Stacks of Si/HfO2/Al2O3 with 1 nm HfO2 treated with HF are
stable for 50 days with thermal stability up to 450 °C.

The results presented in this work suggest the enhance-
ment achieved is related to changes at the dielectric surface.
XPS analysis showed direct evidence of fluorination of the
dielectric layers following HF immersion, and this correlates
with the effective lifetime and KP measurements, suggesting
the enhancement may result from formation of surface
charges. Nevertheless, we cannot rule out the role of hydrogen
and its ability to passivate the silicon–dielectric interface.
Thus, an alternative enhancement mechanism could arise due
to dissociation of HF at the dielectric surface, subsequently
enabling fluorination of the dielectric film (either HfO2 or
Al2O3) and thus freeing up H+ to interact with and passivate
interface defects (as for the alneal process27,46). Direct detec-
tion of atomic hydrogen is experimentally very challenging.
The observed fluorination could be indicative of hydrogen-
ation, however this does not explain the enhancements
observed when immersed in fluorine-free solutions (HCl- and
NH4OH-based solutions).

When the dielectric stack is reversed (i.e., HfO2 is the
capping layer, rather than Al2O3) we observe neither a passiva-
tion enhancement nor any evidence of halogenation through
XPS analysis. Similarly, when individual layers are chemically
treated, we observe that the passivation level does not change.
This work therefore demonstrates that when Al2O3 is deposited
on top of (thin or thick) HfO2, subsequent thinning down of
the Al2O3 film substantially enhances the HfO2 passivation,
with attained SRVs and J0,s values being competitive with
current passivating contacts, interlayers, and capping layer
passivation schemes.
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